Management of pediatric pulmonary hypertension associated with congenital heart disease (PHT-CHD) is challenging. Some patients have persistently elevated pulmonary artery pressure (PAP) after cardiac surgery, an undesired condition that is difficult to predict. We investigated the value of clinical, hemodynamic, and histopathological data in predicting the outcome in a prospective cohort. Patients with PHT-CHD received sildenafil orally pre-and postoperatively for six months and then were subjected to a catheter study. Thirty-three patients were enrolled (age range ¼ 4.6-37.0 months). Pulmonary vascular resistance (PVR) was 4.9 (range ¼ 3.9-7.2) Wood units Â m 2 (median with IQR). Twenty-two patients had a ! 20% decrease in PVR and pulmonaryto-systemic vascular resistance ratio (PVR/SVR) in response to inhaled nitric oxide (NO). The response was directly related to the degree of medial hypertrophy of pulmonary arterioles (P < 0.05) (morphometric analysis, intraoperative lung biopsy). Subsequently, five of the non-responders had a ! 30% increase in pulmonary blood flow in response to sildenafil (3.0 [2.0-4.0] mg/kg/day). Six months after surgery, PAP and PVR were significantly lower (P < 0.001 vs. baseline), even in seven patients with Heath-Edwards grade III/IV pulmonary vascular lesions (P ¼ 0.018), but still abnormal in 12 individuals (>25 mmHg and >3.0 U Â m 2 , respectively). A preoperative PVR/SVR of !24% during NO inhalation and a wall thickness of arteries accompanying respiratory bronchioli of !4.7 (Z score) were identified, respectively, as risk and protection factors for abnormal postoperative hemodynamics (hazard ratio [95% CI] ¼ 1.09 [1.01-1.18], P ¼ 0.036; and 0.69 [0.49-0.98], P ¼ 0.040, respectively). Thus, in PHT-CHD patients receiving oral sildenafil pre-and post-surgical repair of cardiac lesions, mid-term postoperative outcome is predictable to some extent.
Introduction
Pulmonary vascular disease may limit the successful treatment of congenital cardiac defects in pediatric patients. Pulmonary vascular changes pose a risk factor for immediate postoperative hemodynamic disturbances and residual pulmonary arterial hypertension (PAH) late after operation. 1 If treatment is considered in a very timely fashion (early in life), patients at a high risk of persistent PAH make up to small percentage of individuals undergoing surgery.
Nevertheless, severe postoperative pulmonary hypertensive crises are still associated with high mortality rates despite progress in terms of management. [2] [3] [4] Furthermore, persistent postoperative pulmonary hypertension (PH) is associated with poorer survival estimates compared to other etiologies of pulmonary vascular disease in the pediatric population. 5 There are no specific guidelines for the pre-and postoperative management of the pediatric patient at high risk for persistent PAH after cardiac surgery. 6 Currently, most pediatric cardiologists and surgeons would not consider surgery based purely on a positive response to vasodilators during cardiac catheterization. The acute pulmonary vasodilator test is not standardized in the pediatric population, nor does the response clearly correlate with immediate postoperative outcomes in congenital heart disease. [7] [8] [9] In fact, a ''positive test'' would actually unmask the potential for severe vasoconstriction in the early postoperative course. Thus, characterization of high-risk and low-risk patients and definition of operability are problems that have not yet been completely solved.
There have been attempts to prevent persistent PH in patients with congenital heart disease by using pulmonary vasodilators both in the pre-and postoperative periods. Following surgical correction, intravenous, inhaled, and oral drugs have been employed either singly or in combination with inhaled nitric oxide (NO) to prevent or stabilize pulmonary vascular reactivity. [10] [11] [12] Benefits have been demonstrated in terms of facilitated weaning from NO and reduced time of mechanical ventilation and intensive care unit stay. 13 Preoperatively, the use of vasodilator drugs has been proposed as an attempt to improve early postoperative outcomes. 14 Alternatively, vasodilator agents have been administered to patients initially deemed inoperable as an attempt to reverse vascular changes. However, this strategy has often proven unsuccessful and there is only anecdotal evidence to support it. 7, 15 The present report is essentially descriptive. It contains data of a prospective cohort of young pediatric patients under consideration for surgical repair of congenital cardiac shunts, presenting with clinical features suggestive of moderate to severe pulmonary vascular abnormalities. In view of the potential risk of relevant hemodynamic complications, patients were managed pre-and postoperatively with the phosphodiesterase type 5 inhibitor sildenafil. Hemodynamic and histopathological parameters were examined as an attempt to describe the basic characteristics of this population and were tested for a possible association with outcomes. The study was not focused on immediate postoperative outcomes. The main objective of the study was to analyze factors with potential impact on pulmonary hemodynamics six months after surgery, in patients with PH who received oral sildenafil before and after repair of cardiac lesions. The study protocol was designed to include preoperative cardiac catheterization with acute pulmonary vasodilator testing, intraoperative lung biopsy with morphometric analysis of pulmonary arteries, and a second catheter study six months after surgery.
Patients and methods
Patients were from the Heart Institute (InCor), University of Sa˜o Paulo School of Medicine, Sa˜o Paulo, Brazil. They entered the study from 2012 to 2016. Screening criteria included: age ! 3 years; presence of unrestrictive cardiac communications; biventricular physiology; and clinical features indicative of the presence of PH with no signs of advanced pulmonary vascular disease (predominant rightto-left shunting). For patient inclusion as ''high-risk'' in terms of persistence of PH after surgery, at least three of the following criteria were necessary: (1) absence of clinical features indicative of pulmonary overcirculation and congestion; (2) bidirectional flow across the cardiac communication; (3) sustained or intermittent systemic oxygen saturation < 90%; (4) presence of Down syndrome; (5) age > 18 months. Patients with these features generally have post-tricuspid defects (ventricular septal defect, patent ductus arteriosus, aorto-pulmonary window) eventually associated with a pre-tricuspid communication, atrioventricular septal defect (A-V canal), or a conotruncal anomaly with biventricular physiology. Patients defined as ''high-risk'' according to the mentioned criteria correspond to 6-7% of all individuals with cardiac communications referred to our institution for surgical treatment. As a reference, we also included follow-up data of patients with unrestrictive cardiac septal defects not considered to be ''high risk'' who underwent surgery at the Heart Institute during the same period (2012-2016). Neonates, patients under intensive care, and those with any respiratory diseases or ventilator disturbances potentially affecting pulmonary hemodynamics were not included. Patients with extracardiac syndromes other than Down syndrome were not included either. A written informed consent from the parents was necessary for inclusion. The study protocol was approved by the Institutional Scientific and Ethics Committee (CAPPesq #0502/11) and registered as ClinicalTrials NCT01548950.
Non-invasive and invasive evaluation
Non-invasive evaluation consisted of detailed physical examination (including intensity of dyspnea and oxygen saturation in upper and lower extremities, presence or absence of a dynamic precordium, characteristics of second and third heart sounds and diastolic murmurs), chest radiography (heart size and pattern of pulmonary circulation), and echocardiography. In addition to providing anatomic data, transthoracic echocardiography was used to estimate pulmonary-to-systemic blood flow ratio (Qp/Qs) and the velocity-time integral of blood flow in pulmonary veins (VTI PV ). 16, 17 Cardiac catheterization was performed under general anesthesia and mechanical ventilation. Pulmonary and systemic blood flow were calculated by the Fick method and used in the assessment of pulmonary and systemic vascular resistance (PVR and SVR, Wood units Â m 2 ). Measurements were made at baseline (oxygen concentration of 21-30%) and at the end of 10-min NO inhalation (40 ppm). Baseline PVR and PVR/SVR, the magnitude of pulmonary vasodilation on NO (percent change from baseline), and final PVR and PVR/SVR (levels obtained at 10 min on NO) were recorded. A ! 20% decrease in PVR and PVR/SVR was necessary for the response to be considered as effective. Final levels of < 6.0 U Â m 2 and < 0.3, respectively, were taken into consideration in patient selection for surgical treatment, although not exclusively. 8 
Sildenafil administration
Following cardiac catheterization, oral sildenafil was started at a dose of 1.0 mg/kg/day (every 6 h) and increased progressively to 5.0 mg/kg/day until a favorable or unfavorable response ensued. A favorable response was judged by an elevation in peripheral oxygen saturation and/or Qp/Qs by echocardiography. An unfavorable response was judged by absence of these effects at a maximum tolerated dose of 5.0 mg/kg/day; we noted a decrease of > 10% in mean systemic blood pressures or other clinically relevant adverse effects as indicating the need for dose reduction or discontinuation. Uptitration in increments of 0.5 mg/kg/day of sildenafil were carried out every 2-3 days. Escalation to higher doses (e.g. 4.0-5.0 mg/kg/day) required at least one week of observation. For patients using the highest tolerated doses to be considered non-responders (no increase in dyspnea, oxygen saturation, or Qp/Qs), at least four weeks of observation were considered necessary. Although we did not establish any specific parameter cut-off to define responders and non-responders, we attempted to correlate changes in Qp/Qs with the magnitude of the response to NO during cardiac catheterization. Ophthalmologic evaluation including fundoscopy was performed in all patients before initiation of sildenafil. Further evaluations during the course of sildenafil administration were planned on an individual basis if necessary.
Perioperative and postoperative assessments
Decision to operate was based on complete diagnostic evaluation including non-invasive and invasive procedures. In patients with PVR > 6.0 U Â m 2 , additional data were taken into consideration to judge whether or not surgery should be offered. The following observations influenced positively the decision to offer surgical treatment: (1) a ! 20% decrease in PVR and PVR/SVR during NO inhalation, with respective final levels of < 6.0 U Â m 2 and < 0.3; (2) development of hyperdynamic circulation during sildenafil administration, with pulmonary congestion (dyspnea and chest radiographic changes) and need for initiation or intensification of diuretic therapy; (3) changes in echocardiographic flow parameters (for example, a 20% increase in Qp/Qs and/or VTI PV while on sildenafil); and (4) increase in peripheral oxygen saturation during sildenafil use (e.g. from < 93% to > 95%). Patient age and the type of cardiac anomaly were taken into consideration as well. For example, patients with conotruncal anomalies (truncus arteriosus or transposition of the great arteries) referred for treatment aged > 2 years would hardly ever be selected for surgery if they did not have congestive heart failure and failure to thrive in their clinical history.
In patients who were assigned to surgery, sildenafil was restarted via an enteral tube 4 h after weaning from cardiopulmonary bypass and given orally after discharge from the intensive care unit. Pulmonary hypertensive crises (usually life-threatening events) were defined as sustained systemic or suprasystemic elevations of PAP associated with hypoxemia (peripheral oxygen saturation < 90%), with a > 20% decrease in systemic pressure and/or bradycardia. NO and extracorporeal membrane oxygenation was available for all patients eventually requiring their use. After hospital discharge, patients were seen on a monthly basis and maintained on sildenafil therapy for at least six months. At that time, complete cardiac catheterization data were obtained (end of the study). The results were taken into consideration for decision about drug discontinuation. Normalization of pulmonary hemodynamics was defined by mean PAP (mPAP) 25 mmHg and PVR 3.0 U Â m 2 .
Assessment of pulmonary vascular abnormalities
Patients were scheduled to have a lung biopsy specimen collected intraoperatively on an individual basis if the surgeon considered the procedure to be low risk. Specimens were collected with airways distended, fixed in buffered formalin, and subjected to routine histological processing. Fourmicrometer-thick sections were obtained and stained with hematoxylin and eosin (H&E) and Miller's elastic stain. Vascular abnormalities were graded according to the Heath-Edwards classification. 18 Grades I and II correspond to medial hypertrophy of pulmonary arteries and intimal non-occlusive proliferation, respectively. Grades III-VI correspond to advanced vascular abnormalities, including occlusive intimal proliferation, plexiform, and dilatation lesions. For morphometric assessment of medial layer hypertrophy, arteries were landmarked by reference to the type of airway they accompanied: preacinar terminal bronchiolus; respiratory bronchiolus; and alveolar duct. The external diameter of an artery was measured between the external elastic laminae across the shorter axis of the vessel. Wall thickness was measured from the external to internal elastic lamina and computed as a percentage of the external diameter as follows:
In each patient, a mean value was calculated for each artery category and the final result was obtained after a Z-score transformation. For this purpose, normal values for age were obtained from Haworth and Hislop. 19 Preoperative and postoperative assessments in patients not considered to be ''high risk'' These patients were included in the study as a reference group and assigned to surgery on the basis of non-invasive evaluation only. They were not subjected to cardiac catheterization or intraoperative lung biopsy and they were not treated with sildenafil preoperatively or postoperatively. Echocardiographic flow parameters were recorded at baseline for comparison with the main group of patients. At six months postoperatively, systolic PAP was estimated using the peak velocity of tricuspid regurgitant flow and the groups were compared again.
Summary of the study protocol
Having met the inclusion criteria, all patients were subjected to non-invasive evaluation of blood flow patterns (echocardiography). Patients in the main group (i.e. high-risk individuals in terms of PH) were further evaluated by cardiac catheterization. All of them received oral sildenafil subsequently and the response was analyzed non-invasively. Decision to operate was based on non-invasive and invasive evaluation as well as response to sildenafil. Patients in the reference group (i.e. those not considered to be ''high risk'') were assigned to surgery based on non-invasive evaluation. Whenever possible, intraoperative lung biopsy was performed in high-risk patients. This group was kept on sildenafil postoperatively, while patients in the reference group did not receive pulmonary vasodilators at any time. At six months postoperatively, all patients were re-evaluated noninvasively. All individuals in the main group were subjected to a second catheterization study and outcome predictors were determined.
Statistical analysis
Data analysis was carried out using the IBM-SPSS statistical software (version 25; Armonk, NY, USA). For the numerical variables, the results are presented as individual values and as medians with interquartile ranges. For the categorical variables, the results are presented as number of cases and percentage. Differences between individuals were tested using the Mann-Whitney test. Differences between conditions (e.g. measurements performed on NO vs. baseline, during sildenafil use vs. baseline, and at six months postoperatively vs. baseline) were tested using the Wilcoxon test. Regression analysis was used to test for possible associations between cardiac catheterization data and histopathological findings. Univariate and multivariate logistic regression analyses were used for identifying possible predictors of hemodynamic outcome (normal vs. abnormal PAP and PVR) six months after surgery. The corresponding hazard ratios (HR) with 95% confidence intervals (CI) are provided. Once a predictor was identified, a receiver operating characteristic (ROC) curve was constructed and the area under the curve was expressed as a 95% CI. In all assessments, 0.05 was considered as the level of significance.
Results
Thirty-three patients were enrolled with ages in the range of 4.6-37.0 months. Demographic and diagnostic data are depicted in Table Fig. 1 . It is fair to say that baseline PVR was probably reduced in some cases, due to the effects of general anesthesia. For example, 10 patients had baseline PVR < 4.0 U Â m 2 (Fig. 1 ). Seven of them had either baseline (i.e. bedside) oxygen saturation < 93% or Qp/Qs (echocardiography) < 1.5, suggesting that PVR levels were probably higher in physiological conditions. For the entire group, there was a significant decrease in PVR (4.9 [3.9-7.2] U Â m 2 to 3.3 [1.8-5.6] U Â m 2 , P < 0.001) and PVR/SVR (0.30 [0.23-0.49] to 0.23 [0.12-0.37], P < 0.001) in response to NO. Twenty-two patients had a ! 20% decrease in both parameters, but only 15 of those had final levels of < 6.0 U Â m 2 and < 0.3, respectively (Fig. 1) . Subsequently, lung biopsy specimens were collected intraoperatively in 24 patients; the material was adequate for morphometric analysis of pulmonary vessels in 22 patients. Medial hypertrophy was observed in preacinar and intraacinar vessels. For the arteries accompanying the terminal bronchioli, respiratory bronchioli, and alveolar ducts, the wall thickness (Z score) was 8.1 (4.8-11.4), 6.0 (1.0-7.6), and 2.3 (0.8-5.8), respectively. In these patients, the magnitude of pulmonary vasodilation in response to inhaled NO (preoperative cardiac catheterization) was directly related to the degree of medial hypertrophy of intra-acinar arteries. This is shown in Fig. 2 .
Sildenafil was administered preoperatively for an average length of time of 27 days. The maximum dose achieved per patient was 3.0 (2.0-4.0) mg/kg/day. No relevant side effects were observed during sildenafil administration. There was no need for drug discontinuation in any patients. In response to sildenafil, most patients displayed dyspnea and chest radiographic features indicating pulmonary overcirculation ( Fig. 3 ) and were promptly assigned to surgery. For the entire group, sildenafil administration resulted in a significant increase in Qp/Qs assessed by echocardiography (2.0 [1.4-2.2] to 2.3 [1.8-2.8], P ¼ 0.002) associated with an increase in peripheral oxygen saturation from baseline (93% [90-95%] to 95% [93-97%], P < 0.001). The majority of patients with a ! 20% decrease in PVR and PVR/SVR during NO inhalation (cardiac catheterization) had an increase in Qp/Qs during sildenafil use (P ¼ 0.010; Fig. 3 ). It is noteworthy that five of the patients previously considered as non-responders had a ! 30% increase in Qp/Qs while on oral sildenafil (Fig. 3) .
Thirty patients in the main group were assigned to surgical repair of cardiac anomalies. Surgical treatment was not offered to three patients. They were older at presentation (29. .0 months of age), had no history of congestive heart failure or failure to thrive, and no clinical evidence of pulmonary overcirculation. Two of them had an important elevation of PVR at baseline (8.9 and 14.5 U Â m 2 ) with inadequate levels during NO inhalation (6.8 and 11.0 U Â m 2 , respectively. Furthermore, they had no relevant changes in clinical and echocardiographic parameters during sildenafil administration. Demographic and diagnostic data of patients selected for surgical treatment and those for whom surgery was not recommended are depicted in Table 1 . Analysis of lung biopsy specimens collected intraoperatively confirmed the presence of moderate to severe pulmonary vasculopathy in the study population. Grade III or grade IV vascular lesions were seen in 7/24 specimens analyzed. There were three immediate postoperative deaths, which were related to severe pulmonary hypertensive crises in two cases. Another patient with severe crises had full recovery after several days on extracorporeal membrane oxygenation. All 32 patients in the reference group underwent surgical repair of cardiac lesions. There was one death in this group due to sepsis and other complications unrelated to PH.
In the main group of patients, those with fatal outcome (numbers 6, 16, and 26 in the series) and the one who required circulatory assistance to support life (number 27) did not have any preoperative features suggestive of more advanced disease. Rather, they have features pointing towards a reactive pulmonary circulation. All of them had mildly elevated PVR (3.5, 5.0, 5.2, and 4.3 U Â m 2 , Cardiac catheterization data obtained at six months of follow-up (main group) are shown in Fig. 4 . There was a . The middle panels represent the responders for whom final levels of PVR and PVR/SVR (at 10 min of NO administration) were < 6.0 Wood units Â m 2 and 0.30, respectively (n ¼ 15). The lower panels correspond to patients who did not meet the response criteria (n ¼ 11). Bars represent median values with interquartile ranges. significant decrease in PAP and PVR in comparison with baseline levels. The systemic PAP increased mildly. Improvement of pulmonary hemodynamics was observed even in patients with grade III/IV pulmonary vascular lesions (Fig. 5 ). In this subgroup (n ¼ 7), preoperative and six-month postoperative PVR was 6.8 (4.3-8.7) U Â m 2 and 3.0 (2.6-6.3) U Â m 2 , respectively (P ¼ 0.018). In patients not judged to be reactive at preoperative cardiac catheterization, preoperative, and six-month postoperative PVR was 6.1 (3.8-8.1) U Â m 2 and 2.9 (2.0-3.9) U Â m 2 , respectively (P ¼ 0.012). Twelve patients had elevated mPAP and/or PVR six months after surgery. Clinical, echocardiographic, hemodynamic, treatment-related, and histopathological parameters obtained perioperatively were tested for their ability to differentiate between patients who remained with abnormal pulmonary hemodynamics and those who reached complete normalization. Logistic regression analysis identified two variables associated with hemodynamic outcome, namely, PVR/SVR during preoperative pulmonary vasodilator challenge with inhaled NO (P ¼ 0.036), and the wall thickness of the arteries accompanying the respiratory bronchioli (P ¼ 0.040). The results are shown in Table 2 . ROC curves representing levels of sensitivity and specificity for these variables are shown in Fig. 6 . A PVR/SVR of !24% during NO inhalation was identified as a risk factor for abnormal pulmonary hemodynamics six months Fig. 2 . Relationship between medial hypertrophy of intra-acinar pulmonary arteries (intraoperative lung biopsy) and response to inhaled NO during preoperative cardiac catheterization. The mean wall thickness of arteries present in the biopsy specimen was calculated and expressed as Z score using normal values for age according to Haworth and Hislop. 19 In the upper and middle panels, changes in PVR and PVR/SVR as a result of NO administration are expressed as percent reduction from baseline. The lower panels show absolute values for PVR/SVR registered at 10 min of NO inhalation. after surgery (sensitivity ¼ 73%; specificity ¼ 79%). The HR associated with a PVR/SVR of !24% relative to lower values was 9.78 (95% CI ¼ 1.55-61.65, P ¼ 0.015). A mean wall thickness of arteries accompanying the respiratory bronchioli of !4.7 (Z score) was identified as a protection factor (sensitivity ¼ 80%; specificity ¼ 80%). The HR was 0.06 (95% CI ¼ 0.01-0.56, P ¼ 0.013).
Patients with mPAP > 25 mmHg or PVR > 3.0 U Â m 2 six months after surgery were kept on sildenafil. Late drug discontinuation was considered in patients with consistent normalization of clinical and echocardiographic parameters. Unmedicated patients who presented with mild elevation of PAP (systolic pressure of 41-50 mmHg by echocardiography) were kept under observation. Those with higher pressure levels were considered for cardiac catheterization.
Discussion
The ability to demonstrate a pulmonary vascular response to vasodilators (oxygen, NO, or other agents) has no longer been considered as a primary criterion to recommend surgical correction in patients with congenital cardiac septal defects and PH. In lack of more evidence-based guidelines, expert consensus recommendations state that baseline PVR should guide the decision to consider surgery, at least in adults. 9 The acute vasodilator response has not been shown to predict immediate postoperative outcomes so far. 8, 9 There have been suggestions to incorporate the acute vasodilator test in the assessment of operability for shunt lesions, but not to rely on the response as the primary and sole parameter. 8, 20 Medial hypertrophy of pulmonary arteries, although potentially reversible, constitutes a substrate for severe, sometimes life-threatening pulmonary vasoconstriction under certain postoperative stimuli. In the present study, baseline PVR as well as the acute response to inhaled NO were taken into consideration for decision about surgery, but not exclusively.
The patients with a reactive pulmonary vascular bed have a vascular pathology consistent with medial hypertrophy rather than widespread intimal occlusive lesions. Most important is our observation that even in the absence of demonstrable pulmonary vasoreactivity at the time of cardiac catheter study, reversal of hemodynamic abnormalities may occur with postoperative vasodilator therapy. Monitoring acute vasoreactivity in the catheter laboratory as a single criterion for operability may be problematic. In this study, we used two different approaches to demonstrate pulmonary vasoreactivity. We showed that pulmonary vasodilation could occur both acutely, during NO inhalation, and in a more protracted way during sildenafil administration. It was interesting that the response to NO was more pronounced in patients with the highest degree of medial hypertrophy of pulmonary arterioles. Both responses need to be considered. Using a ! 20% decrease in PVR and PVR/SVR ratio (with respective final levels of < 6.0 U Â m 2 and <0.3) as a criterion of response to NO, 2,7,20 only 15 patients would be classified as full responders. Of the 15 patients who were operated on but did not meet these classical hemodynamic criteria for operability, six had completely normal PAP and PVR six months after surgery.
Long-term hemodynamic normalization is an obvious goal to be achieved. However, it is not expected to occur in all patients. There has been much discussion about reversibility of pulmonary vascular disease following repair of cardiac shunts. In particular, there remains controversy about the criteria used to predict or ''measure'' the biological process, especially in humans. The initial assumption that the disease should be deemed irreversible when response to vasodilators cannot be demonstrated in the catheterization laboratory does not sound reasonable on the basis of current knowledge. Some authors use histopathology data to define a priori the reversibility of pulmonary vasculopathy, 21 while others use late postoperative hemodynamic data to characterize, in retrospect, reversible and irreversible disease. 22 There have been attempts to examine the potential for reversibility of pulmonary vascular disease at the cellular and molecular levels. A number of biological markers have been studied in this way. [21] [22] [23] An important concept is that the potential for regression of specific pulmonary vascular lesions and the potential for pulmonary arterial ''deremodeling'' as a general process are different things. Regression of pulmonary vascular disease depends not only on the presence of advanced vascular lesions like those seen in Fig. 3 , upper and middle left panels, but particularly on the number and behavior of vessels with less severe structural changes, as shown in the same figure. What makes hemodynamic unloading relevant is the fact that it is probably required for initiation of vascular ''deremodeling.'' In experimental PH, hemodynamic unloading is associated with molecular reprogramming and phenotype switching of vascular cells, with regression of moderate to severe vascular lesions. [24] [25] [26] In the present study, pulmonary hemodynamics normalized in more than half of the cases. Substantial improvement occurred even in patients with grade III/IV vascular lesions that coexisted with less severe vascular abnormalities. However, these individuals were aged < 19 months. It has been demonstrated that improvement is not expected to occur when grade II-IV lesions are detected above the age of two years. 27 As far as we could see while analyzing a relatively small cohort, in patients kept on sildenafil, hemodynamic normalization six months after surgery was related to PVR/SVR level achieved preoperatively during NO inhalation. However, while predictive of a good outcome, this response should not be looked on as an absolute prerequisite to consider vasodilator therapy. In the study, medial hypertrophy of pulmonary arterioles was quantitatively relevant and related to favorable hemodynamic results as well. Thus, in addition to removing the excessive pulmonary flow, one might consider managing PVR in order to promote effective hemodynamic unloading in these patients.
Study limitations
The small number of patients in the study cohort was an obvious limitation. As mentioned in the description of the study population, it was difficult for us to recruit a substantial number of patients with unrestrictive cardiac shunts and absence of pulmonary overcirculation (thus indicating inappropriately elevated PVR), since these patients now represent $6-7% of all individuals with cardiac communications assisted in our institution. We believe that this is probably so for many tertiary centers at present. Furthermore, the fact that our institution is a reference center for cardiac surgery in the country explains the high referral rates of patients with Down syndrome. Our results should therefore be interpreted taking this context into consideration. Finally, because the study was not placebocontrolled, we cannot be absolutely sure about the real benefits of sildenafil administration. Despite the lack of evidence, we would not feel comfortable offering surgery to patients with clinical features like the ones mentioned in the study without using vasodilators as add-on therapy. The relatively satisfactory outcomes in subjects with demonstrated moderate to severe pulmonary vasculopathy suggests that sildenafil was effective to some extent. In treated patients, systolic PAP at six months after surgery was close to levels observed in patients considered to have a less severe disease.
Conclusions
Residual PH after surgical repair of congenital cardiac communications remains a problem, even in relatively young patients assisted on the basis of careful diagnostic evaluation. This was clearly seen at postoperative cardiac catheterization. In the study, patients with hypertrophic intraacinar pulmonary arteries were the best responders to NO at preoperative catheter investigation. NO responders seemed to respond to sildenafil as well. Having been kept on sildenafil postoperatively, these patients had the best hemodynamic outcomes. Improvement was observed even for those with advanced pulmonary vascular lesions. The basis for such improvement seemed to be the coexistence of vessels (arteries) with less severe structural changes (e.g. medial hypertrophy eventually associated with non-occlusive intimal proliferation). Thus, pulmonary flow reduction, as a result of shunt repair, and pharmacological modulation of PVR may be looked on as important factors for achievement of hemodynamic unloading in this population. We speculate that these factors allow for initiation of biological events associated with vascular ''deremodeling.''
